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Abstract  

The history of Islamic architecture gives great features to the rich Islamic heritage through 

muqarnas, which formed interior spaces with their intricate and brilliant architectural 

ornaments. Muqarnas plays a central and vital role in aesthetic architecture, an element, which 

belongs to architecture and ornamentation. The geometric and ornamental analysis of Islamic 

art raises new interest in digital and algorithmic modeling, as well as new horizons in muqarnas 

formation. Muqarnases incorporate among their elements harmonious blocks and lines, and 

mathematical design, which perform a specific architectural function and an aesthetically 

ornamental role. The research seeks to link the originality of the past and the modernity of the 

future, in addition to studying the role of digital design, algorithmic systems, and various 

generative geometries in the evolution of the muqarnas, which is one of the progressive features 

of Islamic architecture. This study attempts to translate it into a modern language with 

innovative patterns and the effectiveness of their connection with digital and algorithm 

architecture. The paper presents an analytical study of traditional muqarnas patterns in Islamic 

art and their evolution by determining the logic and rules of muqarnas patterns using digital 

algorithms through digital design. In addition to controlling classical ornamental patterns of 

muqarnas by coding and programming in computational design. Thus, overcoming the gap 

between classical ornamental patterns and the flow of the digital design. The main concern is 

digital software which can be used to facilitate the design process and visualization of virtual 

models of muqarnas. The formation of three-dimensional muqarnases may provide new insights 

for mathematics to analyze the shape and create innovative patterns in the digital age. 

The problem with the study is that it does not clarify modern methods of digital algorithms in 

the discovery of a modern architectural style for Islamic art, which contributes significantly to 

enhancing muqarnas. This analysis encompasses the studies of muqarnases through concept and 

historical evolution as well as structural and algorithmic analysis, on the other hand. 

 The research supplies a new approach to the characteristics of muqarnas through computational 

logic and establishes digital modeling of muqarnas through digital algorithms to produce 

different design patterns. The main concern of the research is to study the theoretical principles 

of digital algorithms for the identity of muqarnas through algorithmic rules and digital patterns. 

Therefore, we conclude the value of analyzing digital algorithms, which are often used to 

develop muqarnas, since Islamic architecture has endless possibilities for future design 

innovations. Therefore, this study firstly reviews earlier approaches to the analysis of 

geometrical and conceptual principles of muqarnas. 

Secondly, the research interprets the recommended scheme through a series of digital 

experiments and algorithmic forms. During these experiments, this study asks whether 

mathematical and algorithmic equations contribute to developing muqarnas. It can also be 

influential in the transfer and revival of Islamic structural philosophy to other civilizations' 
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countries. It is therefore very important to stimulate the geometric approach of traditional 

Islamic architecture with modern digital tools in order to keep up Islamic heritage with the 

evolution of computational design thought and adapt it to reality. 
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1. Introduction 

Heritage and culture are fundamental elements of the lives of societies and peoples, including 

Islamic culture. [1]  Islamic architecture features a unique artistic character, which is 

unparalleled in different art fields. The depth of the connection between architecture and art is 

reflected in an organic unity, which is reflected in the formulation concept of architectural 

elements, and that is clear from the dual function of muqarnas in Islamic architecture, which is 

both an architectural element and a decorative element in the style and character of Islamic art. 

[2] Therefore, geometry is a feature of mathematical holiness and one of the distinguishing 

characters in Islamic art.  

The main research approach is to analyze muqarnas as a transition between several shapes 

which aligned on top of each other through digital tools. In order to overcome muqarnas' 

complexity, designs were studied through the two-dimensional projections of muqarnas' 

structure, which these flat layers were used to design and construct muqarnas. Unfortunately, 

currently, there are only a few practitioners who have learned the creative skill of muqarnas 

design from their earlier masters. As a result, muqarnas is on the verge of extinction. The major 

goal of this study is to revive the traditional art of muqarnas by examining its geometry and 

offering a set of algorithms to model muqarnas algorithmically. As a result of these 

methodologies, designers and architects can create software tools for modeling muqarnas and, 

as a result, conserve this cultural treasure for future generations.[3] Modeling muqarnas is also 

an important step toward gaining a deeper understanding of these complicated geometrical 

formations. 

 

2. Challenges and problems 

▪     The design of muqarnas using advanced digital tools is a challenge. Each piece must be 

individually and properly shaped. Each piece depends on what is next to it. In addition, there is 

usually a level of inaccuracy and asymmetry in muqarnas structure. This could be due to 

building restrictions or the surface characteristics of the muqarnas. As well as in symmetry and 

partial replication, making the problem of modeling muqarnas more difficult to deal with. Thus, 

creating advanced elements and patterns of traditional muqarnas through challenging equations 

and modeling digital where modern methods of digital design and digital algorithms are unclear 

in discovering a modern architectural style of Islamic art, including muqarnas. 

▪ Traditional Mathematical inherited methods are followed in the construction and formation 

of muqarnas, which exposes them to loss and extinction. 
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▪ Following traditional methods in the formation of muqarnas, they are characterized by 

rigidity and lack of development. 

▪ Widening the gap between traditional methods of forming muqarnas and digital formations. 
 

3. Objectives 

▪     Provide methods and digital tools to enhance the digital modeling process and muqarnas 

modeling. 

▪     Production of virtual models from muqarnas and providing better insight for analysis of 

muqarnas. 

▪     Use new approaches and methodologies for muqarnas which can enrich the designer's 

ability to generate heritage designs with an innovative idea, which expresses Islamic art 

authenticity. 
 

4. Research Methods 

The study encompasses a historical approach to reach the development of muqarnas stages and 

an analytical descriptive approach through studying the foundations of muqarnas design and its 

aesthetics. In addition, the analytical approach in architectural studies of muqarnas and its 

ornamental and architectural forms through advanced digital solutions.[4]  
 

5. Framework for research and hypotheses 

The research assumes: Relying on digital simulation in the formation of muqarnas patterns 

keeps them from disappearing and opens new horizons for innovation. The geometric study, 

based on Islamic art for ornamentation, raises new interest in new systems of digital modeling 

in computer art, as well as opening new horizons in construction techniques with new materials. 

This research focuses on the relationship between the three-dimensional structure of muqarnas 

and its two-dimensional projection plane through computational design. The research asks how 

the digital logic of muqarnas can abide by irregular surfaces. In addition, what types of patterns 

and ornaments may be produced by digital algorithms? Thus, the muqarnases come with a 

system of regular gradients which break simple geometric shapes and surfaces, leading to the 

development of several patterns derived from different geometrical structures, construction 

techniques, and materials. 
 

6. Muqarnas formations in Islamic architecture  

Muqarnas is an iconic element in Islamic architecture and displays great beauty and captures 

viewers’ attention through its intricate shape and exquisite patterns. [5] It is a three-dimensional 

digital architectural ornament with complex geometries, which was a common vault in Islamic 

architecture.  [6] It has been used throughout the Islamic world. Muqarnas is a fascinating 3D 

feature of Islamic architecture with complicated geometry. 

Muqarnas is a type of ornamental vaulting in Islamic architecture that is known as Ahoopy 

(Persian:) in Iranian architecture and Mocárabe in Iberian architecture. [7] It is the quintessential 

form of Islamic architecture, and it is an essential part of the Islamic building vernacular.  [8] 

The muqarnas structure arose from the squinch. 

Muqarnas, also known as "honeycomb vaulting" or "stalactite vaulting," is designed to create a 

smooth, beautiful transition zone in an otherwise barren, structural area. This construction 
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serves as a transition from a room's walls to a domed ceiling, allowing the main components of 

the building to be distinguished. [9]  

Muqarnas is a three-dimensional architectural embellishment that may be found all over the 

world, from Spain to India. It is made up of superimposed ranks of miniature geometric recesses 

that are often interspersed with pendant parts. [10] The muqarnas evolved from a structural 

shape utilized in niches and squinches under domes to a highly distinctive style of architectural 

adornment in the Islamic world. [10] These designs are made up of various basic structures that 

are layered on top of each other to create complex 3D surfaces. Abstract muqarnas (stalactite 

vault) is a distinct structural and tectonic feature of Islamic architecture. They are used to 

provide a transition from a square plan to a circular circumference, which allows it to be 

established above a square or rectangle layout. 

So that, the research presents a new method for interactively modeling muqarnas based on their 

layered structure in this work. Floor layouts are utilized as a guide for the modeling workflow 

to update and produce new forms automatically. [3] 

 
Figure 1. On the left: Comparing two muqarnases in the west and east iwan of the Great Mosque of 

Esfahan. 1,2,3. Plan, Elevation, and Section of muqarnas in the East Iwan. Muqarnas tensile elements. 

5.Takht in the muqarnas of the East Iwan. 6,7,8. Plan, Elevation, and Section of muqarnas in the West 

Iwan of the Great Mosque of Esfahan. On the right: the location of muqarnases on the three levels of the 

Zisa, Palermo. 
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Figure 2. On the left: a picture of the plate found at Takhti Sulayman with a muqarnas design incised on 

it. On the right: the lines of the plate as recognized by Harb.[11] 

 

7. The design characteristics of muqarnas  

In the mid-tenth century, muqarnases began to develop in northeastern Iran and North Africa. 

As well, in the Muslim world, muqarnases spread throughout the 11th century. The muqarnas 

is a three-dimensional shape and its visual function is to provide a gradual transition between 

two levels, two volumes, or two shapes from the rectangular foundation of the building to the 

vaulted ceiling. It is sometimes considered a kind of sculpture on the wall and involves three-

dimensional architectural ornamentation consisting of symmetrical elements in layers which 

usually cover the sides of arches. The two-dimensional projection of muqarnas consists of a 

small variety of simple geometric elements. [6] Geometric patterns play an important role in 

Islamic architecture. Including muqarnas, a distinctive element of the Islamic architectural style. 

The muqarnas combine elements, harmonious lines, mathematical design, a specific 

architectural function, and an ornamental role, like "surreal" sculptures. [12] 

Thus, virtual modeling of muqarnas can be very difficult and requires a lot of time and effort. 

Consequently, the research provides an interactive framework for muqarnas design using digital 

software to create a basis for the application of digital muqarnas modeling. Therefore, the 

structures of muqarnases are often ornamented in different forms. The aim is to provide an 

analysis of muqarnas and their ornamental patterns, as well as a range of digital methods and 

tools which can facilitate muqarnas modeling and create new possibilities in digital design to 

overcome the complexity of muqarnas design. 

  
Figure 3. Various applications of muqarnas.[13] 
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The overlap of science and digital scientific developments has become an important element in 

the present era. Recent years have seen a growing interest in mathematics and computational 

science, including digital design. The aim is to enhance digital and algorithm design as a way 

of innovation in Islamic architecture, in addition, the use of digital tools which contribute to the 

transfer of Islamic architecture concepts, based on the evolution of the current era. In addition, 

it can be influential in the flourishing of Islamic architectural philosophy. Thus, studying the 

role of digital architecture to obtain a new approach in the development of muqarnas to form 

equations of traditional Islamic architecture with an innovative and sophisticated approach. [2]  

   
Figure 4. Wonderful formations of muqarnas and mathematical approach in traditional Islamic 

architecture. 

 

The muqarnas combinations have a unique beauty, which is distinct from traditional two-

dimensional architecture. However, the formation of three-dimensional muqarnas provides new 

insights into the mathematical analysis of shape which exceeds its aesthetic and ornamental 

features in the digital age by a series of rules and algorithms. [14] Although the rapid growth of 

digital design software has brought a lot of innovations and freedom of use to the architecture 

world. 

  
Figure 5. Muqarnas formation in the Court of the Lions in the Alhambra, Spain.[15] 

 

In this paper, we present a new approach to the muqarnas model and study it as a transition 

between layers of different forms. Besides, the study introduces innovative modern methods 

which could generate new digital models of muqarnas. [16] By starting to analyze the existing 

additional Islamic geometry variables and testing them, we can derive a new unique geometry 

from them. [17] Through using digital software, it is possible to generate Islamic patterns with 

algorithm technology to devolve new vision in muqarnas design. [12] This study provides a 

modification of the muqarnas pattern in Islamic architecture by using digital algorithms through 

digital design, [18] as well as studying the control of classical ornamental patterns within coding 
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and programming in computational design. Over the last two decades, research into the 

computerization of muqarnas has aimed to drive the evolution of this geometry in new 

directions. [19] 

   
Figure 6. On the left: the transition between layers of different muqarnas forms. In the middle, on the 

right: Madrasah Chahar Bagh (Four Garden School)-Isfahan, Iran. 

 

Besides, this will help overcome the gap between classical patterns and the flow of digital future 

design to enhance a better understanding of various modern methods to control the geometrical 

of muqarnas.[20] Accordingly, computational programs are tools, which help produce an actual 

form for visualizing, improving the muqarnas design quality, and overcoming muqarnas 

complexity. Recently, digital programs have emerged to contribute to the solution of this 

complexity and create new forms of muqarnas. [19] 

The main purpose of the study is to generate new three-dimensional muqarnas geometry and 

patterns in algorithmic modeling software and scripting environments. The use of two-

dimensional projections of muqarnas plays an essential role in obtaining digital patterns and 

exploring new rules and concepts through the algorithmic form of muqarnas. [13] These 

properties are used to identify muqarnas in a more mathematical approach. [11] The research 

seeks to express a central role of the computer-aided design process by applying algorithm 

design methods, which control a set of rules to develop muqarnas. [14] Digital algorithms were 

used in muqarnas research to create new evolutions in form.[19] 

   
Figure 7. Muqarnas details the kaleidoscopic worlds of these mosque ceilings.[21] 
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New prospects for muqarnas design have given rise to the widespread use of digital models and 

manufacturing techniques, which have given rise to new prospects for the design of muqarnas. 

[22] The formation of three-dimensional muqarnas provides new insights for mathematics to 

analyze the shape outside aesthetic and ornamentation features in the digital age. The emerging 

digital design approach and computational thinking explore innovative possibilities of 

muqarnas in forming spaces and developing tourism. Therefore, it may be very important to 

activate the geometrical approach to muqarnas and traditional Islamic art patterns with new 

digital tools in order to keep up with the evolution of concept design and adapt them to reality. 

The study focuses on the aesthetics of muqarnas ornamental design and touches on an important 

aspect of Islamic ornamentation elements in which muqarnas represent geometrical formations. 

Thus, it contains an aesthetic standard law that is different from other decorative elements, 

geometric or ornamental. If muqarnases have this importance, which depends on uniqueness, 

diversity, and richness in Islamic architecture, it is no doubt they will be of the same importance 

in the Islamic ornamentation field, especially if the geometric rules and their aesthetic values 

are framed in digital rules. [4] The study is based on the development of rules and 

methodologies for muqarnas elements through digital algorithms using innovative applications 

with the heritage basis of Islamic ornamentation in digital and algorithm design through study 

standards of digital algorithms and their impact on muqarnas parameters. 

The importance of the study is that it deals with a fundamental architectural element in Islamic 

architectural styles. It contains a rich possibility of achieving relationships and textures based 

on shade and light. The main concern is its analysis of the basic design for different types of 

muqarnas, which contains its movement from the transition between its components in Islamic 

architecture spaces, as is verified in the transition from square to circle or appraiser.[4]  

  
Figure 8. On the left: muqarnas elements in the Imam al-Dur Dome.[23] On the right: the muqarnas 

decoration on Qazveh Jame mosque in Central Asia. Muqarnas is made with small square tiles, mosaics, 

calligraphy, which are integrated into the muqarnas.[24] 

 

8. The form and function of muqarnas  

There are two types of Islamic geometric decorations: two-dimensional patterns and three-

dimensional patterns. The first category includes ornaments, which are used to decorate flat or 

curving objects like domes or walls. Muqarnas, a sort of 3D ornamental construction, is the 

other category. Muqarnas is the Arabic name for stalactite vault, a fascinating structure made 

up of repeating units stacked in tiers, each supporting another corbel above it. [3] 



  2022 فبراير                                                السابعالعدد   - الثانيالمجلد  - التراث والتصميممجلة 

   
Figure 9. On the left: Magnificent muqarnas of symmetrical palaces.[25] On the middle: the facade of a 

Madrassa (Religious School) named Tilla-Kari.[26] On the right: geometrical elements of three-

dimensional muqarnas to ornament surfaces and it represents blocks of parameters and algorithms to 

shape a unique muqarnas. 

 

9. The methods of construction of muqarnas  

Understanding the construction methods of muqarnas is an excellent place to start when 

learning about the notion of muqarnas. Muqarnas are usually built in one of three ways: 

corbeled, overlaid, or suspended. [3] 

Throughout history, the transition from square planning to circuit planning in three-dimensional 

has been a difficult subject not only for craftsmen but also for philosophers, mathematicians, 

and designers. [22] This study enhances a comprehensive understanding of muqarnases with 

their historical, philosophical, and conceptual backgrounds, on the one hand, structural and 

algorithmic principles, to reveal the internal logic of these complex geometric elements. [22] 

   
Figure 10. On the left: A transition layer from a dome to a right-angle corner. In the middle: Masjid 

Jame, Isfahan, Iran. On the right: The muqarnas of the central niche of the iwan in the Zisa, Palermo. [5] 

 

10. The types of muqarnas in terms of composition  

Since its beginning, the Muqarnas building has been codified with mathematics, geometry, and 

algorithms. Introducing spatial and geometric relations (angles, dimensions, adjacency), rules 

(mathematical definitions, construction rule/order), and vocabulary elements, manuscripts 

provide core information for craftspeople (units, cells, roofs, filling elements). Algorithms have 

the potential to encode those first assumptions and definitions. [27] Because of its sophisticated 

geometry, the muqarnas is a difficult style of architectural embellished vaulting to model. It is 
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the partition of a cupola or corbel into a vast number of miniature squinches, resulting in a 

cellular structure known as honeycomb vaults due to their likeness. [28]  

The North African/Middle Eastern style, which consists of a sequence of downward triangle 

projections, and the Iranian style, which consists of linked tiers of segments, are the two main 

forms of muqarnas. Many scientists have had great and wonderful studies on muqarnas, for 

instance (Al-Kashi and Shiro Takahashi). One of the scientific results of their mathematical and 

engineering efforts has been to create innumerable combinations and highly sophisticated 

formations from muqarnas, which cleverly intertwine with each other to ornament Islamic 

architecture. [6] Al-Ksh and Shiro Takahashi provide two different forms of Muqarnas 

compositions. [29] The surface of a Muqarnas has been approximated, and it was the oldest 

definition of Muqarnas. 

 

Table 1.  Al-Kashi and Shiro Takahashi and their impact on evolution muqarnas 

1. Al-Kashi First 

[Al-Kashi] is among the greatest mathematicians and astronomers in the Islamic world. He 

gave the earliest mathematical approach to muqarnas and studied the measurement of 

muqarnas. In order to measure muqarnas, al-Kashi provides an overview of the different 

muqarnas elements. He described the elements' surfaces through angles and circular arcs. 

This makes it possible to give a perfectly accurate calculation of surface area.[11] 

 

 

Muqarnas is divided into four categories by Al-Kashi. [29] [30] 

1. The simple muqarnas, which consist solely of planar surfaces. 

2. All tiers of the clay plastered muqarnas do not have the same height. 

3. Triangles and quadrilaterals make up the curved muqarnas - curved surfaces 

and the plan. 

4. Other polygons such as pentagons, hexagons, octagons, and multi-pointed stars 

are found in the Shirazi muqarnas. [2] 

According to al-Kashi, an element's plane (horizontal) projection is made up of simple 

geometric forms: [29] [30] 

 

 
Figure 11: Muqarnas methods diagram. 

Muqarnas shapes 

2. Shiro Takahashi Second 

Another point of differentiation (1943) is Shiro Takahashi's muqarnas. The muqarnas is 

divided into three categories: 
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▪ Muqarnas with square lattices. 

▪ The muqarnas of the pole table. 

▪ 'Other style' muqarnas are those that do not fit into the first two categories. 

 

 

 

 

 

 

 

 

 

 

Figure 12. Muqarnas form diagram. 

 

 

 

 

11.1 Muqarnas' mathematics 

The rich geometry of muqarnas, symmetrical design, and ornamental surface which fascinates 

it, is a beautiful element for design buildings. The form of these structures creates a sense of 

stability and balance. The modeling and analysis of these structures can reveal valuable 

information for architects and artists to provide a better understanding of these mathematical 

elements. [16] Abstract forms of mathematical patterns have been used extensively in ornament 

architecture for thousands of years. Because of the use of these geometric patterns, Islamic art 

has a close relationship with mathematics, especially geometry. Many artists and designers of 

traditional Islamic art were great mathematicians. [16] The mathematics-based design of 

muqarnas is very different, although, a computer algorithm is used to generate muqarnas and 

motivate designers to innovate in muqarnas' forms. [11] 

 

11.2 Modeling parameters for muqarnas 

 

Figure 13. Diagram of muqarnas parameter analysis. 
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11. Physical and digital muqarnas modelling 
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12.1 The Muqarnas projection plan 

There is an algorithm for reconstructing muqarnas, and there are various muqarnases 

reconstructed with the same projection plane. [11] Muqarnas elements do not overlap in-plane 

projection, making it possible to design muqarnas by drawing their projection planes. However, 

such two-dimensional designs do not directly include all three-dimensional information. [11] 

The purpose of the reconstruction algorithm is to analyze muqarnas structure. Therefore, the 

formulation of digital programming can project a three-dimensional plane for the muqarnas. A 

muqarnas is designed by drawing the plane projection of the muqarnas elements. It consists of 

layers, which contain elements, and there is a large and diverse array of these elements. Among 

these basic elements are cells, which are small pieces of the vault, and the most important 

element in muqarnas building, because it forms the body and structure of muqarnas. The 

reconstruction of three-dimensional digital programs of muqarnases directly from their designs 

through digital algorithms allows one to build an innovative design from a three-dimensional 

model of muqarnas in computational programs as well as design unique patterns to ornament 

them. Hence, an analysis of its impact on Islamic architecture, virtual tourism, and other fields 

is needed. 

 

 
Figure 14. Simple elements of muqarnas (roof and facet), Plans, Elevations, Sections, and Details of the 

Alhambra. [5] 

 

12.2 The analysis of muqarnas using a digital algorithm 

The muqarnas are created from different cells. These cells are the building blocks on which the 

muqarnas were built. Besides cells, there is a space that needs to be filled with another type of 

building block, so-called intermediate elements. Traditional and digital surveying; CAD 

modeling (e.g., direct parametric modeling or reverse modeling based on digital surveying); 

mathematical computation (e.g., using algorithms for calculation of theoretical reconstruction); 

and a combination of these are the main techniques and tools used to achieve these goals using 

a commercial 3D CAD program. [31] The research describes a procedural way of decoding a 

3D pattern (from its 3D actual geometry to its analysis) while also clarifying the rules that 

govern the construction of 3D patterns (from the 2D drawing to the 3D geometry). The research 

utilizes photogrammetric methodology for reconstruction and CAD-based modeling. [31] The 

photographs must depict the object's geometry from several angles of view. Photogrammetry is 

used to create a 3D textured model using a free or open-source software tool. The systematic 

graphical examination of a 2D drawing of the plan projection of 3D elements in a CAD 

environment results in the identification of the key geometric elements and their modular 
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pattern in the plane XY. To unambiguously specify the position, the 3D textured model is 

employed as a datum point. [31] The software should be able to export the 3D model in a file 

format, which can be read by a CAD modeler (e.g., in .Stl file format). [31] 

 
Figure 15. 3D pattern analysis and reconstruction of the muqarnas. [31] 

 

 

Figure 16. On the left: The basic parts of the muqarnas using traditional CAD tools and 3D modeling 

software. In the middle: the formation stages of Muqarnas in the context of half an octagon. On the right, 

a traditional CAD perspective of the muqarnas projecting bay window for the International Medical 

Center in Jeddah, Saudi Arabia.[32] 

 

12.3 The stages of analysis of muqarnas in the digital environment 

▪ The first images selected from muqarnas for 3D photogrammetry reconstruction are of the 

muqarnas themselves. 

▪ Using 123D Catch, a free Autodesk tool, for its versatility and efficiency. 

▪ Photogrammetry-based software works by uploading all the photographs to a cloud-based 

environment and then returns a textured 3D point cloud model. 

▪ By zooming, rotating, and measuring element distances, the textured model enables a 
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comprehensive investigation of its elements. 

▪ Furthermore, it relates the final model to each photograph used in its reconstruction, just as 

other photogrammetry applications, but only the elements visible in greater than two to three 

images are constructed. 

▪ Because 123D Catch was designed primarily for rapid prototyping, the output is in the Obj 

file format. However, the file may be quickly exported in the most common neutral file format 

utilizing another free Autodesk product called MeshMixer (e.g., .stl file format). 

▪ The analysis was conducted using a 2D plan projection. 

▪ Muqarnas was divided into angular sectors. [31] 

▪ While identifying the tiers in a 2D projection is impossible, using a 3D virtual model and 

rotating and zooming on major pieces, it is possible to determine the levels they are on. 

▪ Each flat element's surface was modeled in the CAD environment. 

▪ The integration of the 2D pieces with the 3D model in the CAD system is the fourth phase. 

The 2D pieces must first be modeled as surfaces on a base plane, then offset to their true position 

on the muqarnas. model in Stl. 

▪ On the muqarnas 3D model, the offset of the 2D elements to their true position. 

▪ Once all the pieces of a module have been modeled, the process can be repeated as needed 

to produce the dome/full vault's geometry. 

▪ The final phase generates a surface model in CAD format. [31] 

 

12.4 Muqarnas' computational potential 

Digital design, or computational design, is different from traditional design in its terminology, 

concepts, and processes. The research focuses on the exploration of muqarnas through digital 

and physical modeling using  Photogrammetry 3d model software and CAD tools to create 3d 

models of that with 3D RHINO or 3D MAX software + Fbx  and explores three-dimensional 

form-finding algorithms. [14] In the translation process from physical to digital model, the focus 

was on determining the variables of the muqarnas unit. 

In addition, two-dimensional architecture patterns can be the basis of a digital design unit. [2] 

The research focuses on the relationship between the three-dimensional structure and its two-

dimensional plane projection. [11]  
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Figure 17. On the left: steps of the formation of muqarnas through projection. [33] In the middle: plan an 

elevation of muqarnas. On the right: a muqarnas in a pentagonal space. 

 
Figure 18. On the left: Geometric analysis using traditional CAD tools of the twelve registers of the 

muqarnas of the central niche of the iwan in the Zisa, Palermo. This is the simplified profile of the 

register, in which each element is a square, a triangle, or a rhombus. On the right: a virtual model of 

muqarnas using traditional CAD tools for producing new elements at the Zisa in Palermo. [5] 

 

13. The types of muqarnas in terms of function  

The use of muqarnas has become ubiquitous in Islamic architecture. In addition, it has been 

applied structurally and decoratively over the main areas in mosques, shrines, facades, arches, 

cornices, and entrance gates. [34] Muqarnas was later used in various portions of a structure, 

including enormous domes, cupolas, niches, arches, and as a nearly flat decorative frieze. [3] 

Muqarnas in various forms. Portal, mihrab, dome, walls, flat ceiling, corners, the base of a 
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dome, niche, and minaret (from right to left, top to bottom). [3] The research classifies these 

ceiling layouts into three different patterns by aligning them in a time-space matrix. [35] 

 

Muqarnas in three different patterns: 

1) square style. 

2) pole table style. 

3) Circular polar and star polygons. 

    
Figure 19. On the left: Natanz Jaame Mosque, Natanz, Iran, Modular stucco Muqarnas. [2] In the middle: 

Muqarnas examples in Damascus. On the right: Muqarnas examples in Syria and Cairo, Egypt. [36] The 

traditional art of muqarnas can be reinterpreted by using a computational approach. Consequently, 

virtual modeling of muqarnas has been widely used in history, as well as algorithm modeling, which has 

played a huge role in the understanding of the three-dimensional structure of muqarnases.[12] The virtual 

models of muqarnas can help designers as well as scientists and historians to achieve a better 

understanding of the muqarnas to develop their designs. Thus, virtual tourism may be one of the most 

important applications of these models. The architecture of muqarnas spreads throughout Asia and 

Europe. Through the virtual tour, many people around the world can enjoy the beauty of these buildings. 

Besides, by using large projection domes, a realistic experience can be achieved by visiting the actual 

building. [16] 

  
Figure 20. On the left: The stone muqarnas of the central niche of the iwan in the Zisa, Palermo (the 

virtual model). In the middle: A photograph of the right-hand corner, with registers 3 and 4, and 6 and 7 

highlighted in lavender. [37] On the right: the magnificent muqarnas of the City Walls. [38] Thus, we 

realize the importance of muqarnas through its varied presence, forms, types, organization of its parts, 

and its compatibility in arches, crowns of columns, entrances, openings, cornices, ceilings, domes, 

minarets, and niches, as well as other rich and distinctive functions. This is more influential than its 

geometric formulation, which represents pure beauty and gives harmonious, rhythmic, and consistent 

muqarnas in Islamic architecture.[2] 
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Figure 21. On the left: a view from the front. In the middle: A view from underneath. On the right: plane 

projections of muqarnas. [11] 

  
Figure 22. On the left: The ornamentation which decorates the pattern, below the muqarnas in Palermo, 

Italy.[39] On the right, the Mocárabe of Al-Andalus' palaces and mosques, as well as the Central Asian 

Muqarnas. The ornamentation ranges from tailings to stone carving to calligraphy in Alhambra, Spain. 

[40] 

 

14.  The design structure of the muqarnas 

Muqarnas is challenging to describe because of their complicated shapes, geometry, and 

repeated structures such as (symmetry-repetition-diversity-accumulation - diversity in scale). 

The work becomes even more difficult due to the variety of styles. [3] One of the main 

characteristics of muqarnas is the three-dimensional unit which can be represented as a two-

dimensional scheme. The research studies the use of scripting and coding with a two-

dimensional geometry in morphological methods of muqarnas, in addition, the development of 

a digital algorithm for the reconstruction of three-dimensional muqarnas.  

 
Figure 23. On the left: plan analysis through coding of muqarnas in the entrance. On the right: 

development of a digital model of the entrance. 
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14.1 The muqarnas' symmetry 

Muqarnas is known for their beautiful symmetry, which is one of their most distinguishing 

features. [3] Muqarnas geometry is complex through repetitive and symmetrical shapes which 

appear in its design. Muqarnas structures are generally designed based on radiational symmetry. 

Radiation symmetry is a symmetrical arrangement of ornaments around a center. 

 

Figure 24. Muqarnas projections to reach the final digital model.[41] 

 

14.2 The layered structure of the muqarnas 

Muqarnas is a transition between two forms of different sizes and shapes. For example, a dome 

is a transition from a circle to a single point. Muqarnas is typically moved in multiple steps. 

This means that the starting form is converted to several other shapes before reaching its final 

form. The layered structure plays an important role in the digital modeling approach. We can 

design the muqarnas model as a group of surfaces, which fill the area between the layer lines. 

[16] 

  
Figure 25. On the left: Muqarnas above the main entrance of the Al-Azhar Mosque in Cairo, Egypt. [42] 

On the right: Stone muqarnas with hanging elements at the Zisa, Palermo. [43] 
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14.3 Muqarnas generated computationally 

The architect can create a computational model through a set of rules. However, in the case of 

muqarnas, the presence of geometric characteristics and symmetry helps designers achieve 

digital design through the computer without using the rules of form. [16]  

A possible way to model muqarnas in computer graphics using Photogrammetry 3d model 

software and CAD tools is solid modeling, which involves constructing a solid shape and 

deleting sphere-like elements from it. [3] The designer identifies vector graphs derived from 

the muqarnas schema, which contains structure information for muqarnas. From this chart, we 

can identify muqarnas elements. Then, the process of calculating muqarnas is divided into two 

steps: first, a vector graph containing structure information for muqarnas from the muqarnas 

schema. Second, we extend this diagram to the structure of three-dimensional muqarnas. [11] 

The research seeks to explain the theory underlying computational design to use digital trends 

in the evolution of traditional forms and patterns of muqarnas. 

 

15. The materials used in the construction of the muqarnas 

The muqarnas are made of small pieces which are simple shapes and together form these simple 

blocks of complex blocks. [16] Muqarnases are complex concave hollow structures that work 

as ornamental tools used in Islamic architecture. As well as the materials used to build 

muqarnas, these include bricks, plaster, mosaics, ceramic tiles, frescoes, mirrors, wood, and 

paint. Its importance comes from a special aesthetic in its geometry and its three-dimensional 

formations, as abstract sculptures which simulate nature with an Islamic conceptual 

methodology and play a structural role in the transition from one geometric form to another and 

from one roof to another. 

Muqarnas is encased in tiles or plaster and are composed of brick, stone, stucco, or wood. The 

shape and medium of these creatures differ depending on where they are found. In North Africa, 

they're usually made of plaster and wood, while in Iran and Iraq, the muqarnas dome is made 

of plastered bricks or ceramic clay. Plaster stucco, mosaic panels, ceramic plates, and stone are 

among the materials employed.[35] From the 12th century, muqarnas decoration in stucco, 

brick, wood, and stone was applied routinely to cornices, squinches, pendentives, vault interior 

surfaces, and other architectural components that can be found all over the Islamic world. [44] 

     

Figure 26. On the left: Muqarnas in Jammeh's mosque. In the middle: Muqarnas in the Palace of Shah 

Abbas Safavi. [45] On the right: Suspended muqarnas in the process of repair. There are obvious 

attachment ribs and space between the muqarnas surface and the walls. 
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Figure 27. On the left: Old muqarnas through the stone.[46] In the middle: corbeled muqarnas. On the 

right: superimposed muqarnas. 

 

16. The installation methods and industry of the muqarnas 

 
16.1.1 Muqarnas form-finding  

In the past, it was difficult to apply the process of form-finding a limited form of advanced 

science from its time, although now the choice of digital tools is of great importance. At present, 

the strength of algorithms and programming codes is enhanced by the science of designing 

shapes and spaces. [2] 

 
Figure 28. Form-finding geometric plan views and classification of muqarnas according to Shiro 

Takahashi. On the left: Shaykh Abd al-Samad Mosque, Natanz, Iran; detail shot of the khanqah doorway. 

On the right: a detailed view of the Pishtaq entrance. [47] 
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16.2.1 Muqarnas modeling 

It is important to identify digital muqarnas in software using traditional CAD tools, algorithms, 

and programming codes. In addition, to take advantage of the muqarnas layer structure for easier 

modeling. The designer chooses ornaments, which are repeated to create shapes in 

computational design. [16] In order to develop accurate models of muqarnas, the geometric 

method of drawing two-dimensional projections is studied to achieve the best procedure for 

drawing muqarnas. Then, the two-dimensional digital modeling is performed by the 

computational software. [12] The digital model allows architects and designers to compare and 

produce innovative outputs by controlling dynamic calculations of digital modeling and design 

variables for muqarnas. The research develops a digital and algorithm design approach to 

develop muqarnas and gives a new vision for the preservation of Islamic heritage. [48]  

In this context, digital design procedures are introduced as a methodology, which enhances the 

design capability of the digital model to perform design differences using shapes as parameters 

in digital design. Thus, the digital model becomes a flexible tool, which allows for changes at 

topological and engineering levels of muqarnas. [49] The properties of muqarnas are controlled 

by a non-geometric component called the variable. The existence of an algorithm can analyze 

the structure of the muqarnas. Consequently, digital software integration provides rapid 

analysis, which is an important feature compared with old methods. 

 
Figure 29. Geometric organization of muqarnas.[50] 

 
Figure 30. Surfacing and subdivision of muqarnas in the form-finding process.[50] 
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Figure 31. Experiments with digital modelling muqarnas. [51] 

 
Figure 32. Form-finding muqarnas through rules of the digital algorithm. 

 
Figure 33. Finding the faces in the muqarnas graph that correlate to the muqarnas in the basement of the 

Friday Mosque in Natanz's north iwan. 

 

Contemporary digital software and tools help designers and architects to design complex shapes 

in the creation of modular forms which are called algorithm software. "Digital design" is related 

to advanced digital techniques. The systems of digital design allow for the formation of complex 

design, conceptual structures through the implementation of a simple set of processes and 

variables. This represents the emergence of creative approaches to design thought. [12] 

 

16.2.2 Algorithm for Reconstructing Muqarnas 

In the calculation of the muqarnas unit, Al-Kashi analyzes many forms of muqarnas in its basic 

units. The horizontal projections of muqarnas have been used, and designers use these planes 

to study muqarnas forms. The shape of muqarnas is defined through the composition of 
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symmetry, the shape of its layers, and how these layers are attached. When changing these 

factors and their variants, the designer can create innovative designs. [16] Hence, the study of 

mathematical and geometrical characteristics of muqarnas through algorithm design. [22] There 

are various techniques, which are represented during digital modeling involving flow force, 

division, projection techniques, and layers to generate computing from new structural 

capabilities and mathematical algorithms performed by digital software. [48] 

     
Figure 34. On the left: the portal of the Jame mosque in Isfahan, Iran. [16] In the middle: The colored 

lines represent the orbits in the muqarnas graph. On the right: Overlay of virtual model and muqarnas. 

 

16.2.3 Coding for evaluation of muqarnas 

For most designers and architects, the computer is an advanced device, which allows them to 

have better control over the production of complex designs. [2] Therefore, the designer studying 

the function of mathematical formulas must incarnate and express forms based on rules in the 

process. Thus, the application of mathematical formulas in the design of construction can be 

used effectively to control design by utilizing computational technology with traditional 

heritage, and we can implement muqarnas modification processes through digital algorithm 

steps. [20] The research shows how to form-finding of muqarnas, which is derived from chart 

muqarnas, through the conversion process. This process is divided into two parts. First, we 

define nodes, which define the muqarnas element together. Then, these combinations of nodes 

are converted into a group of muqarnas elements side by side. In some cases, it is possible to 

find the structure of the source directly from the muqarnas chart, without using the muqarnas 

scheme. [11] 

 
Figure 35. On the left: the reconstruction muqarnas proposal of Yaghan. On the right: On the middle: 

Plan analysis of the muqarnas vault in the entrance portal of the Arslan-Hane Mosque in Ankara. On the 

left: reconstruction of the entrance portal. 
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17. Discussion and Results 

Research begins by describing the problem in a historical and mathematical context by 

reconstructing and developing muqarnas and study software tools, which can analyze muqarnas 

designs. The research presented concepts and theories behind many studies of muqarnas which 

led to the evolution of its form at many levels. We started with an introduction to muqarnas and 

their role in Islamic architecture. Second, the theory of muqarnas evolution was presented by 

projecting their planes of three-dimensional design and introducing digital applications in the 

muqarnas field. These include new forms which evolve from horizontal projections and two-

dimensional projection layers, as well as new forms of structural value, and a new vision from 

the inside out of muqarnas. Third, the theory of digital algorithms was introduced as a design 

trend in the evolution of three-dimensional muqarnas modeling. 

Islamic art is distinct because of its mathematical nature, and therefore the formation of three-

dimensional muqarnas may provide new insights into mathematics. Digital modeling patterns 

can be used to devise and interpret formal generation algorithms of traditional Islamic patterns 

in creating innovative elements of muqarnas. Consequently, the study concluded new systems 

of digital through complex shapes and muqarnas patterns. 

Finally, the applications of computational theory and digital algorithms were presented in the 

muqarnas field. The digital modeling tools for muqarnas allow the possibility of producing 

different digital simulations for Islamic patterns. The result was the preservation of cultural 

heritage through virtual modeling of muqarnas which formed elements and innovative patterns 

of Islamic art. These findings can be generalized to future studies in this field.  

 

18. Conclusion 

The research concluded the application of innovative digital techniques used to identify, select 

and analyze information about the muqarnas. Therefore, these will involve the development of 

cultural heritage and the encouragement of tourism through the virtual modeling of muqarnases 

with their attractive and fascinating patterns. Hence, the use of digital technologies makes it 

possible to develop historical ideas and traditional Islamic elements which are possible, 

sophisticated, and creative. Besides, the two-dimensional projection contains all the information 

for the three-dimensional muqarnas structure. The search provides many different tools and 

approaches for editing muqarnas of digital models. Consequently, the construction of muqarnas 

carries the ability to be connected to mathematics, geometry, and algorithm approaches. Digital 

algorithms are created by using Photogrammetry 3d model software , CAD tools and coding 

which can give a quick analysis of designs and results in a better understanding of the structure 

and evolution of muqarnas. Finally, the nature of digital tools harmonizes with Islamic art 

elements and the principles of Islamic architecture. Thus, the transfer of Islamic architecture 

culture contributes to the confrontation of violence and the recognition of the important role of 

Islamic architecture as an effective stage in challenging racist concepts. 
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